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ALTITUDE
.
STJM4A.RY
Theaccuracywithwhichpressure”altitudecanbe measuredisdeter-
minedby calculationftheerrorsinthemeasuringsystem,errors
arisingfromoperationofthesystem,andvariationsinatmospheric
pressure.Availableinformation themagnitudeof eachoftheerrors
ispresented,andan indicationof themeansby whichsomeoftheerrors
canbe reducedisgiven.
Theoverallerrorsinthemeasurementofaltitudeina singleair-
craftarecalculatedforMachnumbersupto 1.0andforaltitudesup
to40,000feet. Theoverallerrorsoftheinstallationsintwoaircraft
arethencombinedto showthemininnnnverticalseparationwhichcanbe
toleratedwithpresentinstrmntationandoperatingpractices.Various
systemsofbarometricreferenceforpressurealtimetryarealsodiscussed.
13fIl?ODUCTION
Fromconsiderationsof safetyinflight,accuratemeasurementsof
altitudearerequiredto insureclearanceofterrainobstaclesandver-
ticalseparationbetweenaircraft.Terrainobstaclesmaybe encountered
eitherwithinterminalareas(duringlandingapproach)orenroute
betweenareas(overmountainousregions).Similarly,verticalsepara-
tionbetweenaircraftmustbe assuredinterminalareasandenroute
betweenareas.Foreachoftheseflightregimestheoperatingspeeds
andaltitudesmaybe statedingeneralterms,as follows:
Terrainclearance(landingapproach). . . Lowspeed,lowaltitude
Terrainclearance(enroute). . . . . . .B%ghspeed,moderatealtitude
Verticalseparation(terminalarea) . . .Lowspeed,moderatealtitude
Verticalseparation(enroute). . . . . . Highspeed,highaltitude
Inasmuchastheerrorinpressure-altitudemeasurementincreases
withbothspeedandaltitude,thelargesterrorsoccurinprovidingver-
ticalseparationenroute.Thisfactdoesnotmean,however,thataccu-
ratealtitudemeasurementinhigh-speed,high-altitudeflightisthe
2mostcriticalaspectof
measurementofaltitude
moredifficultproblem,
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thealtitudemeasuringproblem.Actually,the ‘a
duringa landingapproachcanpresenta much
becausetheheighterrorswhichcanbe tolerated a
nearthegroundaremuchlowerthanthosewhichcanbe toleratedat
higheraltitudes.
Theaccuracywithwhichpressurealtitudecanbe measuredisdeter-
minedby calculationftheerrorsinthemeasuringsystem,errors
arisingfromtheoperationofthesystem,andvariationsinatmospheric
pressure.Availableinfornmtionthemsggitudeofeachoftheseerrors
ispresented,andan indicationfthemean_s.by whichsomeoftheerrors
canbe reducedisgiven.Calculationsaremadeoftheoverallaccuracy
ofpressurealtitudeasmeasuredina single,aircraft,andtheoverall
errorsoftwoaircraftarethencombinedto showtheminimumvertical
separationwhichcanbe toleratedwithpresentinstrumentation~d oPeT- _.
stingpractice.Variousystemsofbarometricreferenceforpressure
altimetryarealsodiscussed.
—
ALTIMETRYERRORS
ErrorsinMeasuringSystem
Theerrorsinthemeasuringsystemaredeterminedfrom(1)errors h
inthestatic-pressuresource,(2)errorsintheinstrument,(3) errors
duetotubinglag,and(4)errorswhichmayariseinserviceoperation. h
Static-pressuree rors.-Thestaticpressurewhichissensedby
thestatic-pressuresourceofan airspeed-altitudesystem,forthe .—
usualcase,differsfromthecurrentambientpressurebecauseoferrors
ofthesensoritselfanderrorsduetothelocationofthesensoronthe
.—
aircraft(ref.1). Thecombinedsensorandpositionerror(static-
pressurerror)varieswithMachnumberandangleofattackandthus
.-
dependsontherelatedvariables:impactpressure,staticpresstie,
aircraftweight,andnormalacceleration.Thestatic-pressuree ror
mayalsovarywithchangesin configuratio~..pfthea@raft~ suchas _ .
flapdeflectionandlanding-gearextension.
Themagnitudeandvariationofthestatic-pressuree rorwithMach
numberandangleofattackmustbe determinedby a flightcalibration
ofthesystem.Calibrationsoffourtypicalinstallations( tatic-
pressuretubesaheadofthefuselagenose,wingtip,andverticalfin_
—
andstatic-pressureventsonthefuselage)@ve beencompiledina study
conductedby theLangleyLaboratory.An evaluationofthefourinstal-
lationsonthebasisofthemagnitudeand*iation oftheerrorwith
Machnumberindicatedthata choiceofthemostsuitablesystemfora
givenaircraftcouldbe statedintermsofthespeedrangethroughwhich .
.-
k
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theaircraftwasexpectedto operate.Onthisbasis,itwasconcluded
that
be a
tube
(1)Foroperationat supersonicspeeds,thebestinstallationwould
static-pressuretubeaheadofthefuselagenose.
(2)Foroperationat speedsbelowsonicspeeds,a static-pressure
aheadofthewingtipmay,forsomeaircraftconfigurations,be
preferable.
(3) FOrOperationat speedsbelowa Machnumberof0.8,a static-
pressuretubeaheadoftheverticalfinorfuselagevents,properly
locatedandinstalled,my producea satisfactoryinstallation.
Theseconclusionsare,of course, generalizedstatementswhicharesti-
Jectto qualificationdependingontheconfigurationftheaircraft
andonthelocationofthestatic-pressuresourceon orneartheair-
craft.Furthermore,venan apparentlyoptimuminstallationfora
particularaircraftmayproduceundesirablyargestatic-pressuree rors
insomerangesofMachnumberorangleofattack.Foreale, fuselage-
noseinstallations,consideredoptimumforsupersonicaircraftbecause
thestatic-pressuree rorisnegligibleat supersonicspeeds,mayhave
verylargeerrors.atsubsonicandtransonicspeeds.
Foranyofthefourgeneralocationsofthestatic-pressuresource,
thestatic-pressuree rormaybe minimizedby properlylocatingthe
sourcewithintheregionconsidered.Forexample,forstatic-pressure-
tubeinstallations,thestatic-pressuree rormaybe decreasedbylocating
thestatic-pressureo ificesa greaterdistanceaheadofthefuselage
nose,wingtip,orverticalfin.
Forcasesinwhichthestatic-pressuree rorofan installationis
foundtobe higherthandesired,theerrormaybe decreasedby theuse
ofaerodynamiccompensatorslocatednearthestatic-pressureo ifices.
Aerodynamiccompensatorsforfuselage-ventinstallationshavebeenused
withsomesuccessat subsonicspeeds.Thesecompensatorsareusually
developedby a trial-and-errorprocedureand,asa rule,aresuccessf~
foronlya limitedrangeofMachnumberandangleofattack.An aero-
dynamicompensatorbasedonamore rationalconcepthasbeenappliedto
a static-pressuretubelocatedaheadofthefuselagenose(ref.2). This
compensatorwasdesignedtoreducetheWge static-pressuree rorswhich
aretypicalofthefuselage-noseinstallationi thesubsonic-and
transonic-speedranges.Wind-tunneltestsofa modelofthisdevice
showedthatrelativelygoodcompensationcouldbe attainedovera fairly
widerangeofWch nmber.
Inthedesignofa serviceinstallationa attemptismadeto locate
thestatic-pressuresourceina positionwherethestatic-pressuree ror
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willremainwithinspecifiedlimitsthroughouttheoperatingrangeof
theaircraft.Theallowabletoleranceoftheerrorinaltitudemeasure-
mentas specifiedinreference3 is25 feetper100knotsindicatedair-
speedcorrectedto sea-levelconditions.
Thisspecificationissubjecto differentinterpretationswith
regardto themagnitudesoftheerrorsataltitudesotherthansealevel.
If,ontheonehand,theheightincrementof.25feetisconsideredto
applyatallaltitudes,thenthealtituderrorsfora givenMachnumber
willdecreasewithaltitudebecausetheindicatedairspeedat constant
Machnumberdecreaseswithaltitude.If,ontheotherhand,thepres-
suredifferencecorrespondingto a 25-footheightincrement(atsea
level)is consideredtoremainconstant,thealtituderrorsata given
Machnumberwillincreasewithaltitudebecauseinthiscasethealti-
tudeerrorsat eachaltitudemustbe multipliedby theinverseofthe
densityratioatthataltitude.Thesecondinterpretationistheone
whichisusedinthisreport.Forthiscasethealtituderrorscorre-
spondingtoan errorof25 feetper100knotsindicatedairspeedhave
beencalculatedforMachnumbersupto 1.0andforaltitudesupto
40,000feet. Theresultsofthesecalculationsarepresentedinfigure1.
Ifthealtituderrorsofan installationcannotbe madeto conform
to thespecifiedtoleranceby suitablelocationofthestatic-pressure
.-
sourceorby theuseofaero@amiccompensators,correctionsforthe
errorsmaybe appliedeitherby meansofan automaticcxnputero by
m
theuseof correctioncards.Evenwhencorrectionsforthestatic-
pressurerrorareapplied,however,thealtitudemeasurementisknown b-
to an accuracyno greaterthantheprecisionoftheflight-calibration
method.Formostofthecalibrationmethodsinuseat thepresentime,
—
—
theaccuracyofthemethodisnobetterthan’=percentoftheimpact ‘“” ‘- -
pressure%“ Thealtituderrorscorrespondingtoa static-pressure —
errorof*1percent~ atMachnumbersq to 1.0andaltitudesup to
40,000feetaregiveninfigure2. . . .-
Instrumenterrors.-Theerrorsduetomechanicalimperfectionf
theinstrumentincludescale,friction,temperature,backlash,balance,
coordination,instabilityandzerosetting.Definitionsofeachof
theseerrors(fromref.4~aregiveninappendixA. Inadditiontothese
errors,thereareothererrorsassociatedwiththeelasticpropertiesof
theaneroid- hysteresis,drift,aftereffect,andrecovery.Theseerrors
aretakenintoaccountinapplyingcorrectionsforthescaleerror.
Themaxhnumallowablelimitsofeachofthemechanicalerrorshave
beentaken-fromreference4 andarelistedintableI.
Althoughthescaleerroristhelargestofanyofthemechanical
errors,theactualerrorsofa giveninstrumentmaydifferconsiderably
fromthespecifiedvalues.Theseerrorscanbe determinedby laboratory
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calibrationftheinstrumentandcorrectionsfortheerrorscanbe
appliedeitherby anautomaticomputingdeviceorby theuseof correc-
tioncards.
If correctionssreappliedforthescaleerror,itmaybe assumed
thattheywillbeappliedonthebasisofa meancurvethroughthehys-
teresiscycleofthecalibration.Inthiscasean errorequalto one-
halfthehysteresiscycleremainsaftercorrectionforthescaleerror.
Estimatesofthiserrorkve beenbasedontheallowablelimitsfor
hysteresis,150feetat 20,000and25,000feet,andforaftereffect,”
60 feetat sealevel(ref.5). Thedeviationsoftheh@teresiscycle
oneithersideofthemeancurve,whichmaybe calledthe“precision”
ofthescaleerror,havebeenassignedvaluesof30feetat sealevel,
60feetat 10,CK)Ofeet,75 feetat 20,000feet,75 feetat 30,000feet,
and60feetat40,(N0feet.
ThetoleranceforthefrictionerrorlistedintableI applies
whentheinstrumentisvibratedwithanamplitudeof0.04millimeter
anda frequencyof50 cyclespersecond.Ifthevibrationtowhichan
instrumentissubjectedwheninstalledinan aticrafidiffersappreci-
ablyfromthesevalues,thefrictionerroroftheinstrumentmaybe
considerablydifferent.Thefactthatthefrictionalerrorsofaltime-
tersinserviceoperationcandifferfromthevaluesdeterminedby labo-
ratorytestshasbeendemonstratedby flight estsofa helicopterat
. theLangleyLaboratory.Inthesetestsitwasfoundthat,upondescending
to thegroundaf%era flightof shortdurationtoan altitudeor
d 1,000feet,twostandard50,~0-footaltimetersreadhighby about
100feet. Thegreaterpertoftheseerrorscouldberemovedimmediately
by tappingtheinstrument.Whenfrictiontestsofthesealtimeterswere
conductedinthelaboratory,thefrictionerrorofbothinstrumentswas
foundtobe withintheallowabletolerance.Inflight estsofa
counter-pointeraltimeterinstalledina propeller-drivenairplane
(ref.6), it wasfoundthat,withnormala&@ane vibration,thefric-
tionerrorat an altitudeof3,(200feetwasabout50feet.Whenvibra-
tionwasappliedto theinstrument,hefrictionerrorwaslargelyelimi-
nated.Fromtheresultsofthesetestsitwouldappearthat,ifthe
smallvaluesofthefrictionerrorlistedintableI sxetobe realized
inpractice,somemeansofvibratingtheinstrument,particularlyinjet
aircraft,willbe required.
Anothererrorwhichshouldbe takenintoaccountin connectionwith
theinstrumenterrorsistheerrorofthemanometerusedto calibrate
thealtimeter.Thiserrorhasbeenassigneda valueof0.01inchof
mercury,withcorrespondingaltituderrorsvaryingfrom10 feetat sea
l-evelto 38feetat 40,000feet.
.
Tubing-lagerror.-Whenthealtitudeofanairplaneis changing,
an errorinaltimeterindicationmaydevelopas a resultofpressure
l
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lagintheconnectingtubing.
.
Themagnitudeofthiserrorwilldepend
on,thelengthandboreofthetubingconnectingthealtimeterandthe —
static-pressuresource,thevolumeoftheinstrumentsconnectedtothe .—
tubing,therateatwhichthepressureatthestati~-pressuresourceis
changing,andaltitude(ref.7). Formostserviceinstallationsand .
fortheratesof pressurechangenormallyencounteredinroutineservice .-
Operationjthelagerr?rwillbe comparativelysmall.Forexample,an
installationconsistingof11 indicatorsconnectedtoa 100-footlength
of3/16-inch-boretubingandundergoinga rateofdescentof1,000feet
.
perminuteat sealevelwillhavea lagenor ofabout20feet. —
—“
Servicerrors.-Errorsinaltitudemeasurementmaydevelopif
changesoccurtothesystemduringservice@eration.Forexample,
variationsinstatic-pressuree rormayoccurbecauseofchangesto the
static-pressureo ificesorfuselageventsorasa resultofstructural
.J
changesinthevicinityoftheorifices(forexample,flakingofthe
platingona static-pressuretubeortheadditionorremovalofany
protuberancen ara fuselagevent).Errors”niayalsobe introducedinto
thesystembyleaksinthepressuretubingorinthealttietercase.
Extremevariationsinstaticpressurecanoccurasa resultofthe
accretionoficeh thevicinityofthestatic-pressuresourceorthe
accumulationfwaterintothepressuretubing.Mostoftheseerrors
canbe eliminatedorminimizedby periodicinspectiona dpropermain–_
tenanceofthesystem.
.
Theimportanceofproperlymaintainingthemeasuringsystemwas
revealeduringthecourseofa recentprograminwhichthealtimeter
installationsofover100aircraftwerecalibrated(ref.8). Routine
k
examinationftheinstallationi eachaircraftpriorto thecalibra-
tionflightdisclosedleaksinthemeasuringsystemsinabout20percent
oftheaircraft.Looseconnections,faultytiains,andcrackedlines
accountedformostoftheleaks.However,leakswerealsodiscoveredin
thecasesofthealtimeters,andintwoinstancestheleakswereso
largethattheinstrumentscouldnotbe calibrated.Theseriousnessof
leaksinthesystemwill,ofcourse,vary,sincethealtituderrordue
to a leakdependsonthesizeandlocationoftheleakinthesystemand
thepress~edropacrosstheleak.
OperationalErrors
Errorsmaybe introducedintothealtimeterindicationasa result
oftheoperationofthesystem;forexample,errorsinreadingthebaro-
metricscaleonthealtimeter,errorsinreadingthealtitudescale,and —
errorsindeterminingthealtimetersettfngat thegroundstationmaybe
present.Sincetheairplanemaybe allowedto deviatefromitsintended
flightlevel,thisrandomdeviationmaybe consideredasan operational .
errorwhichinreference4 wastermed“fli@ttechnicalerror.”Estimates
-.
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ofthewgnitudeoftheseerrors(withtheexceptionofthestation
altimetererror)havebeentakenfromreference4 andaregivenin
tableII.
Thevaluesofflight echnicalerrorgivenintableIIwerederived
froma largenumberofflightobservationsina numberofaircraftoper-
atedby manualcontrol(ref.4). Thesevaluescambe reducedconsider-
ablyiftheairplaneisflownby an autopilot&.vlngautomaticheight
control.
AtmosphericReferenceandWinds
Errorsinaltitudemeasurementmayarisebecauseoftheuseofan
incorrectbarometricdialsettingonthealtimeterandtheeffectsof
windsinmountainousregions.
Atmosphericreference.-Thesettingofthebarometricdialofthe
altimeter(altimetersetting)maybe incorrectbecauseofvariationsin
theatmosphericpressurefollowingadjustmentsofthebarometricdial
orbecauseoftheuseofdifferentaltimetersettingsby twoaircraft
flyinginthessaevicinity(forexample,betweentwostations,each
reportinga differentaltimetersetting)..Themagnitudeoftheerror
willdependonthedistancebetweenthestationsreportingaltimeter
. settingsand’onthechangeinatmosphericpressurewithtime. Inref-
erence4 thiserrorwasassigneda valueof200feet,whichisbasedon
anatmospheric-pressureva iationof4 millibarsperhour,a distance
. betweenreportingstationsof130nauticalmiles,a geostrophicwindof
30knots(producinga pressuregradientoflmillibarper26 nautical
miles),andtheassmgptionthatthereportedvalueofalt~etersett~
willnotbe olderthanone-halfhour. Itwasnotedinreference4 that
forsomeregionsa valueof200feetcanbe tooconservative.InEurope,
forexample,heightdifferencesof300to 500feethavebeenfrequently
reportedattheboundariesbetweenalttietersettingsreas.
Effectofwinds.-Eigh-velocitywindsovera mountainrangewill
produceanappreciabler ductionintheatmosphericpressureoverand
inthevicinityoftheridges.Thispressurereductionincreasesas
thesquareofthevelocityofthewindacrosstheflatapproachto the
mountain.An indicationofthemagnitudeofthepressurereductionmay
be obiatnedtheoreticallyby consideringthemountainas a semicircular
cylinder.Inthiscasea 50-mile-per-hourwindno-l to theridgewilJ
inducea 100-mile-per-hourwindoverthepeakandan altituderror of
about250feetat thesurfaceofthepeak.At 20percentofthemountain
heightabovethepeak,thealtituderrorwouldbe160feet.
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CALCULATIONSOFTEEOVERALLERRORSOF
ALTIMETERINSTALLATIONS
Theerrorsinthemeasuringsystem,theoperationalerrors,andthe
errorsdueto atmosphericreferencehavebeencombinedinaccordance
witha computationalmethodreportedinreference4. Theoverallerror
as determinedby thismethodhasa probabilityof99.7 percent- that
is,an errorwhichwouldnotbe exceededin997casesoutof1,000.A
numericalexampleofthemethodforcombiningtheerrorsisgivenin
appendixB.
-..
Thecalculationftheoverallerrorsinthispaperdiffersfrom
thatinreference4 ina numiberofrespects.Inreference4, for
example,thealtdmeter-scaleerrorandstatic-pressuree rorwere
includedinthecalculations.Inthepresentpapertwosetsofcalcu-
lationsarepresented:inthefirst,thealtimeter-scalendstatic-
pressurerrorsareticludedinthecomputations;inthesecond,these .
twoerrorsareexcludedontheassranptionthatcorrectionsforboth
errorscanbeapplied.Thepresentcalculationsalsoincludetheerror ‘“
ofthecalibrationmethodusedto determinethestatic-pressuree ror, -.
the“precision”ofthealtimeter-scaleerror(whencorrectionsforthis
errorWe applied),theerrorofthemrmmeterusedto calibratethe
altimeter,andtheerrorofthestationb=ometer. .-
Anotherdifferenceb tweenthecalculationsofreference4 and
thoseofthepresentpaperconcerman“error”duetovariationsinair .
density.Reference4 statedthata decreaseinairtemperatureof25°C -
belowstandardwoulddecreasetheverticaldistancebetweentwoflight
levelsby 10percent.An error,equalto 10percentofthenominal
separationftwofliglitlevels(1,000,1,500,or2,CK10feet),wasthere-
foreincludedinthecalculationsofthe“effective”separationbetween
twoaircraft.Theeffectiveseparationwasdefinedas thenominalsepa-
rationminusthesumofallofthealtimetryerrors,includingthedensity-
error,plusanallowanceof75feetforthephysicaldimensionsofthe
aircraft.Inthepresentpaperthevsriat~onsofairdensityarecon-
sideredto haveno effectontheverticalseparationrequiredforcolli-
sionavoitince,exceptforthenegligibleeffect(10percentof 75feet)
ontheallowancefortheaircraft
premisethatthealtimetryerrors
standardatmosphereand,as such,
variationsinthesameproportion
levels.
size.Thisstatementisbasedonthe
representheightincrementsint’he
wille~”~dandcontractwithdensity
as thengminalseparationftheflight “
.._
Theassignmentofa maximumvalueforthestatic-pressuree roris
verydifficultbecauseofthewidevarietyofaircraftconfigurations
andtypesofinstallationsemployed.Inreference4 thestatic-pressure a-
8
IwcAm 4127 9
.
errorofan aircraftwasestimatedtovaryfrom125feetatan altitude
of5,OOOfeetto 165feetatan altitudeof40,000feet. Itwasnoted,
however,thatthesefiguresdonotrepresentextremecases,forerrors
rangingfrom50feetto -600feetareknownto existintheinstalla-
tionsof somecivilaircraft.Inreference8,calibrationsofmorethan
100airplanes,bothcivilandmilitary,indicatedthat,althoughthe
static-pressuree rorsofmostoftheinstallationswerewithinabout
+200feet(at~ altitudeof15,000feetandspeedsupto 450kots),
thestatic-pressuree rorsof someoftheinstallationswereasmuchas
l,OQOfeetand-1,6oofeet.Becauseofthedifficultyofarrivingata
realisticvalueforthestatic-pressuree rorwhichwouldapplyto all
aircraft,thestatic-pressuree rorinthepresentcalculationshasbeen
assignedvaluesspecifiedinthecurrentlyapplicablemilitaryspecifi-
cation:25 feetper100knotsat sealevel(ref.3 amdfig.1). The
overallaltimetryerrorsas determinedby thepresentcalculationswould
be valid,therefore,onlywhenthestatic-pressuree roriswithina
toleranceconsideredacceptableby present-daystandards.
.
.
Withthedifferencesnotedinthepreviousparagraphs,thecomputa-
tionalmethodofreference4 hasbeenusedto calculatetheoverallaltim-
etryerrorsoftheinstallationsina singleaircraftforMachnumbers
upto 1.0andforaltitudesup to 40,000feet. Theresultsofthecal-
culationsforthecaseinwhichthealtimeter-scaleerroriswithinthe
tolerancegivenintableI andthestatic-pressuree roriswithinthe
tolerancegiveninfigure1 arepresentedin figure3(a). Theoverall
errorsforthecaseinwhichcorrectionsareappliedforthealtimeter-
scaleandstatic-pressuree rorsarepresentedinfigure3(b). These
figureshowthattheoveralJaltimetryerrorincreaseswithbothMach
nuniberandaltitude.Fortherangesof~ch numberandaltitudecon-
sidered,theincreaseinoverallerrorwithaltitudeismuchgreater
thanwithMachntier. Thesealthdxy errorsofa singleinstallation
areofprimaryinterestindeterminingtheallowanceswhichmustbe
madetoprovideadequateterrainclearance.
Thecombinedoverallerrorsoftheinstallationsintwoaircraft
havealsobeencalculatedforMqchnunibersup to 1.0andaltitudesup
to 40,000feet. Inasmuchas theinstrumentandstatic-pressuree rors
ofan installationmaybe eitherpositiveornegative,calculationsof
theverticalseparationbetweentwoaircraftmustbe nmdeontheassurup-
tionthattheerrorsofthetwoinstallationshaveoppositesigns.These
calctitionsalsoincludean allowaceof75feettoaccountforthe
verticalairspaceoccupiedby theaircraft(ref.4). Thecombinedover-
allerrorsoftwoaticraftforthecaseinwhichthealtimeter-scalend
static-pressuree rorsarewithintheallowabletolerances(tableI and
fig.1,respectively)representedh fi~e 4(a). me combined=rors
forthecaseinwhichcorrectionsareappliedtothealtimeter-scalend
static-pressuree rorsarepresentedinfigure4(b).Theseoverallerrors
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representheverticalseparationrequiredtoprovidesafevertical
clearancebetweenthetwoaircraft.
Theoverallerrorspresentedinfigures3 and4 shouldbe consid-
eredconservative,becausethestatic-pressuree ror,atmospheric-
referencerror,andfrictionerrormayallbe greaterthanthevalues
usedinthesecalculations.Inaddition,changeswhichmayoccurin
themeasuringsystemduringitsservicelifemaycausetheoverall
errorsto increaseconsiderably.
BAROMETRICREEWRENCESYSTEMS
Theoverallaltimetryerrorspresentedintheprecedingsectionare
basedona barometric-referencesystemrequiringadjustmentofthebaro-
metricdialofthealtimeterto thecurrentaltimetersetting.Ifother
barometricreferencesystemsareused,theoverallaltimetryerrorswill
be modifiedto screwextent.Threebarometricreferencesystemswhich
havebeenconsideredat onethe oranotherare
(1)Altimetersettingsusedinallareas
(2)Fixedsettingof29.92usedinallareas
(3) l?tiedsettingof 29.92usedoutsideofterminalareasand
altimetersettings_usedwithinterminalareas
Thesystemofusingthealtimetersettingsinallareas(thesys-
teminuseatthepresentime)hasproved.tobe satisfactoryinpro-
vidingverticalseparationinterminalareasandinprovidingreasonably
correctmeasurementsforterrainclearanceenroute.Safetyofopera-
tioninregardto verticalseparationenroute,however,isquestionable,
becausetheuseofthissystemimposesan obligationonthepilotsin
allaircraftomaintainbarometricdialsettingsonthelatestreported
altimetersetting.Safetyforenrouteoperationalsopresupposesthat
thereportinggound stationswillbe spacedat frequentintervals(less
than100milesapart).
Thesystemofusinga fixedsettingof29.92by allaircraftinall
areashasbeenproposedasa morepositivemeansof separatingflight
levelsandthusinsuringverticalseprationenroutewitha greater
degreeof safety.Thissystemisusedovercertainoceanareasat the
presentime. Theuseofthissystemoverlandareas,however,would
presenta probleminprovidingadequatecle.a&anceovermountainous
regiom. It.hasbeens~ested thatthisproblemcouldbesolvedby
.
—
.—
—
.
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“
(1)Establishinga networkofbarometricstationsonmountainpeaks
totransmitlocalvaluesofpressurealtitude
(2)Calculatingthemaximumpressurealtitudewhichcouldbe
expectedoverthemountainsonthebasisofthelatestvaluesofbaro-
metricpressureandtemperatureat theclosestgroundstation
(3)~lculatingthemaximumpressurealtitudeoverthemountatis
franthemostadversepressure,temperature,andwinddatawhichmight
be encounteredat theselevels
Thefixed-settingsystemincludestheadditionaldisadvantagethatsome
lossofairspacewouldoccurat theloweraltitudeswhentheatmospheric
pressureislowerthanstandard.
The systemofusingaltimetersettingswithinterminalareasanda
fixedsettingof29.X enroutehasbeenproposedas a meansofrealizing
theadvantagesofboththealtimeter-settingsystemandthefixed-setting
system.Thiscombinationfthetwosystems,however,maypresenta
safetyproblemneartheboundariesofterminalaxeasbecauseofthe
possibilityofdifferentsettingsbeingusedbyaircraftoperatingin
thesamevicinity.
Theuseofa fixedbarometricdialsettingwouldreducetheoverall
altimetryerrorby eliminatingtheerrorsdueto atmosphericreference,
balance,coordination,zerosetting,andstationbarometer.
COMPARISONOFALTIMETRYERRORSOFTWOAIRCRATT
WITHALTITUDESEPARATIONMIN-
ThecombinedoverallerrorsofthealtimeterinstaJJ.ationsi two
aircraftat a ~ch nuniberof 0.8havebeencalculatedforthreecases:
(1)Altimeter-scaleandstatic-pressuree rorswithintolerances
givenintableI andfigure1;altimetersettingsusedforbarometric
reference
(2)Correctionsappliedforaltimeter-scalendstatic-pressure
errors;altimetersettingsusedforbarometricreference
(3) corrections=mlied for altimeter-scaleandstatic-pressure
errors;fixedsettingusedforbarometric-reference
.
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Theresultsofthesecalculations,togetherwithpresentaltitudesepa-
.
rateminimums(l,(XlO-footin ervalsfromsealevelto 29,000feetand
2,000-footintervalsabove29,000feet(ref.9)),arepresentedin -*–
figure5. .—
It isapparent’fromthisfigurethat,whenthealtimeter-scalend
static-pressuree rorsarewithinthespecifiedtoleranceandaltlmeter
settingsareusedforbarometricreference,thecombinederrorsoftwo
aircraftexceedpresentaltitude-separationm nimumsatallaltitudes.
Whencorrectionsareappliedfortbealtimeter-scalendstatic-pressure
errorsandaltimetersettingsareusedforBarometricreference,the
combinederrorsarewithinthepresentminimumsataltitudesupto
18,OOOfeetandbetween31,000and40,000feet.Whencorrectionssxe
appliedto thealt~eter-scaleandstatic-pressuree rorsanda fixed
settingisusedforbarometricreference,thecombinederrorsarewithin
theseparationminimumsataltitudesupto 24,500feetandbetween31,000
and40,000feet.
—.
Thethreeerrorcurveshowninfigure5 arebasedonvaluesfor
theflightechnicalerrorwhichwouldbe experiencedwhentheairplanes
areoperatedby manualcontrol.Iftheairplanessreflownby autopilots “--
havingautomaticheightcontrolandif,inaddition,thealtimeter-scale
andstatic-pressuree rorsarecorrectedanda fixedbarometricsetting
isused,thecombinederrorscouldprobablybe reducedsufficientlyto
be withintheseparationminimumsforallaltitudesupto 40,000feet. .
Inviewofthemagnitudesofthealtimetryerrorsshowninfigure5,
itwouldappearthat,ifpresentaltitudese~rationminimumsaretobe h’
retained,correctionsshouldbe appliedto thealtimeter-scalendstatic-
—
pressurerrorsanda fixedsettingshouldbe usedforbarometricref~- .“ “-
ence. Inaddition,aircraftincruiseoperation(particularlyat high
altitude)shouldbe flownby autopilotshavingautomaticheightcontrol.
Alternatively,ifreductioninthealtimetryerrorscannotbe accom-
—
plished,thenthepresentaltitudeseparationminimumshouldbe increa6ed._ ~
to correspondmorecloselytotheerrorskn~ to existInpresent-day
installations.
—
ALTIMETRYERRORSDURINGLANDINGAPPRQACH
Inthelanding-approachcondition,the“overallerrorofan instal-
lationwillbe considerablyowerthanthevaluesforenrouteoperation
giveninfigure3 becausetwolarge’enors,atmospheric-referencea d
flightechnicalerrors,can~e largelyeliminated.Theatmospheric-
referencerrorshouldbe negligibleb causeoftheshorttimelapse
,<
afteradjustmentofthebarometricdialpriorto thelanding.The —
-m
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flightechnicalerrorshouldbe smallbecauseoftheincreasedconcen-
tmtionby thepilotinadheringtoa prescribedaltitudeorflight
path.
Ontheassumptionthatboththeatmospheric-referencerrorand
theflight echnicalerrorcanbe neglected,theoverallerrorofan
installationata speedof150knotsat sealevelhasbeencalculated
forthesametwocasesconsideredforenrouteoperation.Whenthe
altimeter-scalendstatic-pressuree rorsarewithinthespecifiedtol-
erances(tableI andfig.1,respectively),theoverallerroris170feet.
Ifcorrectionsareappliedto thealtimeter-scalendstatic-pressure
errors,theoverallerrorbecomes112feet. Inasmuchas a hrge part
(82feet) ofthiserroristheaccumulationfthemanysmallinstrument
errorscausedby imperfectionsintheinstrumentmechanism,anysignifi-
cantreductionintheoverallerrorwoulda~ear to entaila difficult
and,presumably,long-terminstrumentdevelopmentprogram.Althoughthe
mechanicalerrorsoftheinstrumentareofprharyimportanceforlow- ,
speed,low-altitudeoperation,theymakeup onlya relativelysmall
partoftheoverallerrorsofan installationperatingat highspeed
andhighaltitude.
Evenan erroras lowas 112feet(representingthelowesterror
thatcanbe achievedwithpresentinstrumentationat lowspeedsandlow
altitudes)ishigherthancanbe toleratedforinstrumentlandingswith
minimumpermissiblebreakoutheightslessthan200feet. It isbelieved,
therefore,thatthesolutionto theproblemofprovidingheightmeasure-
mentsofsufficientaccuracytopermittheuseofbreakoutminimumsof
200feetorlowerwillnotbe foundinpressurealttietrybutinstead
willcomefromthedevelopmentofa low-altitudeh ight-measuringsystem
basedonradaror similarinstrumentation.
CONCLUDINGREMARK3
Forhigh-speed,high+ltitudeoperationofaticraft,significant
reductionsintheoverallaltimetryerrorscanapparentlybe achieved
by theapplicationfpresentknowledgeofthemagnitudeandnatureof
thevariouserrors.Meansbywhichthemoreseriouserrorsinan altime-
tersystemcanbe reducedarelistedas follows:
(1)Altimeter-scaleerror:Thiserrormaybe eliminatedby applying
correctionsforthecalibratedrroreitherby an autcmaticomputeror
by theuseof correctioncards.
(2)Static-~ressuree ror:Thiserrormaybe reducedbydetermining
themagnitudeoftheerrorby flightcalibrationa dby applyingcorrec-
tionsfortheerrorby meansofautomaticomputersor correctioncards.
14 NACATN4127
(3) Atmospheric-referencerror:
.
Thiserrormaybe eliminatedby
changingthebarometricreferencesystemfromthepresentsystemof
altimetersettingstoa systembasedona fixedbarometricdialsettin@- .—.
forallaircraft.
(4)Flighttechnicalerror:Thiserrormaybe reducedbytheuse
ofanautopilothavingautomaticheightcontroltomaintainassigned
flightlevels,particularlyat highaltitudes.
(5) Frictionerror:Thiserrormaybe largelyeliminatedby prop-
erlyvibratingtheinstrument.
(6) Servicerrors:Theseerrorscanbe minimizedby frequent
inspectiona dpropermaintenanceoftheairspeed-altitudesystem.
If stepsaretakentoreducetheoverallerrorsas outlined,then
presentinstrumentationmaybe consideredtobe adequateforoperation
withinpresentaltitudeseparationminimums.If,ontheotherhand,
thealtimetryerrorsarenotreduced,thepresentseparationmintiums
shouldbe increasedto correspondmorecloseJ.yto theerrorswhichmay
existinpresent-dayinstallations. --
Foroperationinthelanding-approachcondition,heightmeasure-
mentsofsufficientaccuracyapparentlycannotbe obtainedwithpresent
altimetersystemsbutmustcomefromthedevelopmentofa low-altitude l
height-measuringsystembasedonradarorsimilarinstrwnentation.
—
.
LangleyAeronauticalLaboratory,
NationalAdvisoryComitteeforAeronautics,
LangleyField,Vs.,August1,1957.
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APPENDIXA
DEO?~TIONSOFMECHANICALERRORSOFALTIMETERS
Definitionsofthemechanicalerrorsofaltimetershavebeentaken
fromreference4 andarelistedas follows:
Scale(ordiaphragm)error:Errordueto thephysicalpropertiesandthe
constructionftheaneroidandlinkage.Becauseoftheseproperties,
thediaphragmdeflectionwillnotbe linearbutwilldifferforthe
samegivenchangeofatmosphericpressureat differentheights.
Frictionerror:Errorduetofrictioninthealtimetermechanismtrans-
mittingthediaphra~movemento thepointers(whichcan,bepartially
eliminatedby vibration)plusfrictioninthetemperaturecompensating
pins(whichcannotbe eliminatedby vibration).
Temperatureerror:Errordueto theinabilityoftheinstrument,which
isdesignedto compensateforeffectsoftemperatureovera consider-
ablerange,to eliminateall.temperatureeffects.
Backlasherror:Errorwhichmayarisebecauseof lostmotioninthe
geartransmissionbetweenthepressurescaleandtheheightscaleand
intheidlergearoftheinstrment.
Balancerror:Errordueto theimpossibilityof coordinatingthestate
ofbalanceofallmovingpsxtsofthealtimeterto sucha degreethat
theinstrumentwillbe entirelyindependentof itspositioninrelat-
ion to itscalibrationposition(29.92inches).
Coordinationerror:Errorduetotheinabilityto obtaincompletecor-
respondenceb tweenthepressure-scalegraduationandtheheightscale
ofthealtimeter.
Instabilityerrm: Errordueto differentreactionoftheinstrument
duringtwoconsecutivechbs ordescents.
Zero-settingerror:Errorduetotheshapeofthetolemncecurvewith
height.Becauseofthischaracteristic,thetoleranceat certain
heightsisdifferentifa zerosettingotherthn 29.% inchesis
used.
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SAMPLECALCULATIONSOFOVERAILERRORSOF
ALTIMETERINS’lYiLLATIONS
Themethodofcombiningtheindividualtimetryerrorsas given
inreferencek requiresasa prelQrharystepthateacherrorbe exam-
inedta determinethenatureofitsdistribution.Errorswhichhave
a randomdistribution( ormal,rectangular,orlimit)&e thenadded
statistically,andthosethathaveno distributionareaddedintheir
entirety.
Inthestatisticalsummationoftherandomerrorsthenumerical
valuesgiveninthetextareconsideredtobe “maxtiunerrors”(ref.10).
Thus,thestandardeviationof.eacherrorcanbedeterminedlydividing
themaximumerrorsby anappropriatefactorwhichdependsonthetypeof
distribution(3fornormal,fifor rectan&xr,and1 forlimit):The “~
standardeviationsofthevariouserrorsarethenaddedstatistically,
andthesumismultipliedby 3. Theresult--representsthenmcimumvalue
fortherandomerrorsofa singleinstallationa d,as such,hasa prob-
abilityof99.7percent(thatis,an errorwhichwillnotbe exceeded
in997casesoutofl,OCO).Whentherandomerrorsoftwoinstallations
aretobe conibined.themaximumerrorofoneinstallationmustbe mul-
tiplied.by~. ‘
Themaxtiumvaluefortherandomerrorsisthenaddedtothefull
valuesofthoseerrorshavingno distribution.Thissummationyields
an overallerrorwhich,inthecaseoftwoaircraft,representsthe
altitudeseparationwhichwillprovidesafeverticalclearancein997
casesoutofl,OCCI.
A numericalexampleofthemethodofcbmbiningtheindividual
altimetryerrorsisgivenfortwoaircraftoperatingat M = 0.8 at
analtitudeof20,0W feet.Theoverallaltimetryerroriscalculated
fortwocases:inthefirst,thealtimeter-scaleerrorisassumedto
equalthetolerancelistedintable1,andthestatic-pressuree ror,
thetolerancegiveninfigure1; inthesecond,it isassumedthatcor-
rectionsforthesetwoerrorscanbe applied.
Case I
In case1,thealtimeter-scaleerrorisassumedto equalthetol-
erancelistedintableI,andthestatic-pressuree ror,thetolerance
aiveninfimre 1. Therandomerrors.tozetherwiththeirtvoeof
.
—
—
—
.
w“
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.
distributiona dthenumericalvaluesoftheirstandardeviations,
M = 0.8 andanaltitudeof20,000feet,arelistedas follows:
Error Standardeviation,ft
Normaldistribution
Friction 50/3
Temperature 10/3
Flighttechnical 440/3
Instability 55/3
Coordination 25/3
Balance 20/3
Stationbarometer 25/3
Manometer 17/3
Precision(static-pressuree ror) 125/3
Rectangulardistribution
Readability(altitude) @ G
Readability(pressure) 15/D
Limitdistribution
Backlash 10
17
for
.
Thestatisticalsum u ofthestandeadeviationsoftherandom
errorsis calculatedas follows:
(32+(H
.
.
maximmvalueof
a = 157
therandom
feet
errorsofa singleinstalls.tions
36 or471feet.Fortwo valueis471@or
666feet.To thisvaluetheerrorshavingno distribution
aircrafthemaximmn
are
as follows:
Maximumvalueofrandcmnerrors,ft . .
Zerosetting(30x2), ft
Atmosphericreference(200~ i);~“ I
Altimeter-scaleerror(320x2),ft .
Static-pressuree ror(93x 2),ft . .
Sizeofaircraft(75x 1),ft . . . .
Total,ft . . . . . . . . . . . . . .
.
.
.
.
.
.
.
.*
. .
l .
. .
l .
. .
. .
l
.
.
.
.
.
.
. .
. .
. .
. .
.0
. .
. .
.
.
.
.
l
l
.
.
.
.
.
l
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
l
.
.
.
.
.
.
,
.
.
.
.
.
.
added
6 666
. 60
l 200
. 640
. 1%
. 75
. I,827
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.
CaseII
In caseII,correctionsareappliedforthealtlmeter-scaleerror *
andthestatic-pressuree ror.Whenthesecorrectionsareapplied,the
-.
“precision”ofthealttieter-scaleerrorshouldbe ticludedinthesta- .__
tisticalsumationoftheother andomerrors.The“precision”ofthe
altimeter-scaleerrorisconsideredtobe a limiterror.Foranalti-
tudeof20,000feetthiserrorhasbeenassigneda valueof75feet
(one-halfthehysteresisatthisaltitude).Thestatisticalddition
ofthiserrorto therandomerrorsconsideredin caseI yieldsa value
of a of174feet. Themaximumerrorofa--singleinstallationbecomes
174x 3 or522feet,andthecombinederroroftwoinstallationsbecomes
522~or” 738feet. Thiserror”is.addedtotheerrorshavingno dis-
tributionasfollows:
—
MaximumValueofrandomerrors,ft . . . . . . . . . . . . . . . 738
Zerosetting(30x2), fi . . . . . . . . . . . . . . . . . . . 60
Pressuredatum(200Xl),ft . . . . . . . . . . . . . . . . . . 200
Sizeofaircraft(75xl),ft . . . . . . . . . . . . . . . . . 75
Totaljft . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,on
Thus,therequiredaltitudeseparationfortwoaircraftoperating
atM= 0.8 andan aititudeof20,000feetis1,827feetwhenno cor-
rectionsareappliedforthealtimeter-scalendstatic-pressuree rors _ .
and1,073feetwhencorrectionsforthesetwoerrorsareapplied.
.
.
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TABLEI
m
.
MAXIMUMALLOWABLELIMITSOFMECHANICALERRORSFORSTANDARD
50,000-FOOTAIRCRAFTALTIMDTER
Altituderror,f%,ataltitude,f%,of -
Typeoferror
~,000 10,000 20,000 30,000 40,000
Scale 100 150 320 510 650
Friction 30 30 50 75 100
Temperature 10 10 10 10 10
Backlash 10 10 10 10 10
Balance 20 20 20 20 20
Coordination 25 25 25 23 25
Instability 32 40 55 75 100
Zerosetting 1? 15 30 30 20
NACATN4127
.
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TABLEII
ESTIMATEDM4GNITUDEOFOPERATIONALERRORS
Altttuderror,ft,ataltitude,ft,
15
20
25
175
10,O(KI
15
a
25
175
of -
20,00030,000
15 15 15
20 20 20
25
G: 7;: 1,000
.
.
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Figure1.-Altituderrors
per100knotsindicated
reference3.
correspondingtotoleranceof25feet >
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Figure2.- Altituderrorsequivalentto static-pressuree rorof
1 percentof impactpressure. 4
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(a)Altimeter-scaleerrorwithintolerancegivenintableI andstatic-
pressurerrorwithintolerancepresentedinfigure1.
1
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(b)Conectionsappliedtoalttieter-scaleands&tic-pressme nors.
Figure3.-overa~altimetryerrorof installationi singleaircraft.
Probabilityoferrorsis 99.7 percent.
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(a) Altimeter-scaleerrorwithintolerancegivenintableI and
pressurerrorwithintolerancepresentedinfigure1.
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(b)Correctionsappliedtoaltimeter-scalendstatic-pressuree rors.
Figure4.-Combinedoverallaltimetryerrorsofinstallationsintwo
aircraft.Probabilityoferrorsis99.7percent.
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<— Altimeter-scaleerror within allowable
tolerance given in table I and static-
pressure error within tolerance pre-
sented in figure 1; altimeter settings
for bmmmetric reference
~Fresent altitude separationminimums
—Corrections applied for alkhueter-scale
and static-pressureerrors; altimeter
settings for barometric reference
Corrections applied for altimeter-scale
and static-pressureerrors; fixed
setting for barcnnetricreference
r
10 20 30 40x 103
Altitude, ft
Figure 5.-Ccmibinedoverall.altimetry errors of inatalJati.onain two aircraft at Mach number of
0.8.. Probability of emors is 99.7 percent.
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